A quantitative model of large-scale chromatin organization was applied to nuclei of fission yeast S. pombe (meiotic prophase and G2 phase), budding yeast S. cerevisiae (young and senescent cells), Drosophila (embryonic cycles 10 and 14, and polytene tissues) and C. elegans (G1 phase). The model is based on the coil-like behavior of chromosomal fibers, and the tight packing of discrete chromatin domains in a nucleus. Intra-chromosomal domains are formed by chromatin anchoring to nuclear structures (e.g., the nuclear envelope). The observed sizes for confinement of chromatin diffusional motion are similar to the estimated sizes of corresponding domains. The model correctly predicts chromosome configurations (linear, Rabl, loop) and chromosome associations (homologous pairing, centromere and telomere clusters) on the basis of the geometrical constraints imposed by nuclear size and shape. Agreement between the model predictions and literature observations supports the notion that the average linear density of the 30-nm chromatin fiber is ~ 4 nucleosomes per 10 nm contour length.
INTRODUCTION
data. We applied the model to the nuclei of budding yeast S. cerevisiae, fission yeast S. pombe, fruit fly Drosophila (embryonic and polytene cells), and the nematode C. elegans. For these species, the model correctly predicts chromosome configurations (linear, Rabl, loop) and chromosome associations (pairing, centromere and telomere clusters) from nuclear size and shape data.
THE MODEL'S BASIS

Chromatin fiber properties
As was mentioned in the introduction, the model is limited to flexible chromosomal fibers. In this case, the mean square distance (h 2 , µm 2 ) between two markers located on a single fiber is proportional to the DNA mass (M, Mb) between them. This dependence, h 2 = BM [1a] with B (µm 2 /Mb) as the coefficient which relates mass to squared-distance, has been observed for euchromatic regions of mammalian G1 chromosomes on the scale up to ~ 1 Mb (van den Engh et al., 1992; Sachs et al., 1995; Yokota et al., 1995; Yokota et al., 1997) . In the experiments with human fibroblasts under conditions maintaining the physiological nuclear volume, B was found to be ~ 0.5 µm 2 /Mb for gene-poor AT-rich Giemsa-dark minibands and ~ 1.3 µm 2 /Mb for gene-rich CG-rich Giemsa-light minibands (Yokota et al., 1997) .
Another equivalent expression for h 2 is:
where L is the fiber contour length and a is the persistence length, a measure of the fiber's resistance to bending (see, e.g., Grosberg and Khokhlov, 1994) . Eqs.1a and 1b apply only to long fibers, i.e. those with a contour length, L >> a, their persistence length.
Chromatin fiber compactness can be characterized by n, the linear density of nucleosomes, the number of nucleosomes per 10 nm contour length. The contour length, L = 10 M / (n i), with i as the nucleosomal DNA mass. Substituting this expression into Eq.1b and equating Eqs. 1a and 1b, one obtains a relationship between two parameters, B and n: B = 20 a / (n i) [2] where i ranges between 160 and 240 bp, depending on species (van Holde, 1989) .
Measurements on single G1 chromatin fibers showed that a ~ 30 nm and n ~ 4 nucleosomes per 10 nm (Cui and Bustamante, 2000; Katritch et al., 2000) . For a = 30 nm, n = 4, and i = 190 bp (as for human cells (van Holde, 1989) ), Eq.2 yields B = 0.8 µm 2 /Mb, which is similar to the average of the Giemsa-dark and Giemsa-light values observed for B (see above). The persistence length corresponds to ~12 nucleosomes (= 4 x 30/10) containing ~ 2-3 kb DNA (=12i).
G2 chromosomal fibers consist of two side-by-side parallel cohesive sister chromatids. It is assumed that Eq.1a is applicable to a G2 chromosomal fiber, with M representing the DNA mass (Mb) for one chromatid only. To the best of our knowledge, there are no direct measurements of the coefficient B and the persistence length (a) for G2 chromosomes in the literature. One estimate of the persistence length for G2 chromosomal fibers comes from consideration of two elastic isotropic cylindrical rods (approximation of sister chromatids) with either very low or very high degrees of side-by-side cohesion (see the Appendix). This consideration yields a between one and six times the value for a single chromatid.
Chromosome associations in paired homologous interphase chromosomes as, e.g., in Drosophila embryonic cycles, are likely to be loose because adjacent contacts between the associated chromosomes are relatively distant (Fung et al., 1998 ). In the model, the persistence length of the chromosomal fibers is assumed to not be affected by chromosome association per se. A polytene chromosome, the thickness of which is a few µm, consists of up to a few thousand sister chromatids neatly aligned in parallel arrays (Urata et al, 1995) . These chromosomal fibers appear to behave as flexible coils without a higher-order structure, as follows from their appearance in Drosophila nuclei (see, e.g., Fig.3 in Hochstrasser and Sedat (1987a) ). We assume, as for G2 chromosomes, that Eq.1a is applicable to a polytene chromosome, with M representing the DNA mass (Mb) for one chromatid only.
Mitotic and meiotic chromosomes become condensed and rigid, and therefore don't obey Eq.1a. An exception is the S. pombe meiotic chromosomes, which remain flexible in prophase (Bahler et al, 1993) .
Chromosome configurations
We consider several chromosome configurations (see Fig.1 ), differing in their pattern of chromatin attachments to the nuclear structures, which can include the nuclear envelope (NE), the nuclear lamina, nucleolus, etc. In the model, it does not matter to what the fiber is attached, but only that it is attached to something. The following configurations are considered: (I) linear, unattached chromosomes; (II) linear, anchored by both telomeres; (III) the Rabl orientation: folded, anchored by the centromere and both telomeres; and (IV) loop formed by an adjacent anchoring of both telomeres. Additional attachments (other than by telomeres and centromeres) along the chromosomal fiber are possible in configurations II-IV.
Domains are defined as discrete units of chromatin, non-overlapping with other domains. For simplicity, we consider equal-size domains. Suppose, C (Mb) is the total euchromatin mass in a nucleus, and N is the number of chromosomes in the case of configurations I and II, or the number of chromosome arms in the case of configurations III and IV. (The loop in configuration IV can be represented as two equal paired branches). Thus, M (Mb) = C/N is the chromosome mass in the case of configurations I and II, or the arm mass in the case of configurations III and IV. In the presence of additional attachments, chromatin domains are seen as arcs between two adjacent anchors. Suppose, k is the number of such the domains per chromosome in the case of configurations I and II, or per arm in the case of configurations III and IV. Thus, the domain mass, M d (Mb) = M/k, and the total number of domains per nucleus is kN.
Domain dimensions and nuclear parameters
Since the chromosomal fiber behaves as a random coil, the domain squared length H d 2 and squared width Q d 2 can be expressed in terms of M d using expressions obtained for random coils in polymer theory: (see, e.g., Volkenstein, 1963) the coefficients c h = 2, c q = 1/2 and c h /c q = 4 for configuration I, which has both ends unattached; c h = 1, c q = 1/3 and c h /c q = 3 for configurations II and III, where both ends are anchored; for configuration IV, which has one end unattached, the values of the coefficients are between those for configuration I and II & III, i.e., 1 ≤ c h ≤ 2, 1/3 ≤ c q ≤ 1/2, and 3 ≤ c h /c q ≤ 4.
The domain shape can be approximated as that of an ellipsoid of rotation. Taking π/6 as the packing factor (as for cubed solid spheres), the volume of the space assigned for a domain in a nucleus,
2 . Substituting Eqs.3a and b in this expression, one obtains:
where α = √2 for configuration I, α = 3 for configurations II and III, and √2 ≤ α ≤ 3 for configuration IV. A chromatin domain formed by a flexible fiber is more or less empty because the volume of the fiber it contains is much smaller than V d , the domain volume. Looseness of random coils makes it possible for two or more chromosomes to share the same nuclear space, as occurs, for instance, with homologous chromosome pairing. Taking chromosome associations into account, the total space occupied by domains in the nucleus can be expressed as k N V d /p, where p is the association index (e.g., p = 1 for unassociated chromosomes; p = 2 for paired chromosomes).
The volume available for euchromatin in the nucleus is γV n , where V n (µm 3 ) is the nuclear volume, and the coefficient γ (γ ≤ 1) corrects for space occupied by heterochromatin and nonchromatin objects in the nucleus (e.g., nucleolus). In order to analyze the effects of the nuclear shape and size separately, V n can be expressed through the nuclear shape coefficient, β, as: Eq.6 yields the average (over the nucleus) value of B. In the case of multiple-parallel-chromatid chromosomes, the values of the parameters C, N and p are each proportional to the number of chromatids per chromosome. In Eq.6, however, these values can be taken as those for a G1 nucleus because their inter-relationship cancels this chromatid number dependence.
For the cases where the persistence length (a) of the chromosomal fiber is known, as in the case of G1 chromosomes, one can obtain n, the average (over the nucleus) number of nucleosomes per 10 nm contour length per fiber by combining Eqs.6 and 2:
[7] For G1 chromatin fibers, a = 30 nm and n ~ 4 nucleosomes per 10 nm (Cui and Bustamante, 2000; Katritch et al., 2000) .
Eqs.6 and 7 enable one to calculate B and n from the nuclear size D and the nuclear shape coefficient β, assuming various chromosomal configurations (different α) and degrees of association (different p). Comparison of the values B and n measured with those calculated from Eqs.6 and 7 provides a constraint on the possible chromosomal configurations and degrees of association. This can be called the volume constraint since it was derived from consideration of the nuclear volume.
The linear constraint
The linear constraint states that the chromosome length (H) should not exceed the nuclear length: H ≤ D. If the value of the coefficient B is known as, for example, in the case of G1 chromosomes, H can be estimated directly from Eq.3a using the chromosome mass, M. However, H max , the length of the largest chromosome (configurations I and II) or of the largest arm (configurations III and IV) provides a greater constraint than does the average chromosome length:
where M max is the mass (Mb) of the largest chromosome or of the largest arm.
For the cases where the value of B is unknown, a relative approach can be used. Substituting B from Eq.6 into Eq.3a, one obtains H d /D, the relative domain length:
[9] The relative length of the largest chromosome,
Thus, the relative linear constraint is:
It follows from Eqs.9 and 10 that the relative dimensions depend only on nuclear shape (β) but are independent of nuclear size, and therefore, can be calculated without measurement of D. The constraint imposed by Eqs.8 and 10 provides a necessary but not sufficient condition because there could be cases where the limit for the chromosome length is smaller than the nuclear length. The chromosome linear limitation in such cases depends on nuclear geometry and hence should be considered separately for each case. The same is true for the cases where the nucleolus and/or heterochromatin occupy a significant fraction of the nucleus.
The cross-section constraint
The cross-section constraint requires that the sum of the chromatin domain cross-section areas should not exceed the corresponding nuclear cross-section area. An important application of this constraint is the limitation on the number of centromeres or telomeres, which can be clustered at a certain point in the nucleus. For example, chromosomes in the Rabl configuration may form a single centromere cluster in the nucleus only if m, the maximum possible number of branches is greater than N a /p, the number of discrete arm domains in the nucleus: m≥ N a /p.
The maximum possible number of branches per cluster, m can be approximately estimated as:
where A n is the nuclear cross-section area at the mid-domain level; A d is the domain cross-section area:
and c q /c h are, respectively, the domain squared width, squared length, and their ratio (see Eqs.3a,b); δ is the two-dimensional packing factor (δ = π/4 for m ≥ 2, and δ = 1 for m = 1). The nuclear cross-section (A n ) strongly depends on the nuclear shape; this defines a dependence of m on the nuclear shape.
Let us consider several examples of telomere or centromere clusters, which include different nuclear shapes and chromosomal configurations II-IV. By definition, unattached chromosomes (configuration I) do not form telomere or centromere clusters.
1. A nucleus is spherical, and the telomere or centromere cluster is attached to the NE. For a spherical nucleus, the cross-section at the mid-domain level,
, where H d /D is the domain relative length (see Eq.9). Substituting this expression into Eq.11, one obtains:
The cluster is located at the major axis apex of an ellipsoid of rotation with minor/major axis ratio, ε (see Fig. 1c ). For such a prolate ellipsoid,
, and as follows from Eq.11:
The cluster is located at the minor axis apex of a flat (oblate) ellipsoid of rotation. In this case,
4. The cluster is located at the nuclear apex of a pear-shaped nucleus with cone angle = 2ϕ. The corresponding nuclear cross-section is A n = (π/4) (H tanϕ) 2 . Substituting this expression into Eq.11, one obtains for a pear-shaped nucleus:
The same as in case # 4, but with rigid 'linear elements' in chromosomes such as those observed in loop chromosomes of S. pombe in late meiotic prophase (Bahler et al, 1993; Kohli, 1994) . In this case, the loop width decreases by a factor k 1/2 (k is the number of arcs per halfloop), and therefore:
RESULTS AND DISCUSSION
In this section, we apply the model's equations to the nuclear data for yeast (budding S. cerevisiae and fission S. pombe), Drosophila (embryonic cycles 10 and 14, and polytene nuclei), and worm C. elegans. A given chromosome configuration should meet all three constraints in order to be feasible. The volume constraint calculated from Eq.7 checks if a given configuration provides the linear density of nucleosomes, n ~ 4 per 10 nm (Cui and Bustamante, 2000; Katritch et al., 2000) . The linear constraint states that the largest chromosome maximal dimension (length) calculated from Eqs. 8 and 10 cannot exceed the nuclear length. The cross-section constraint calculated from Eqs.12-13 limits the number of branches per cluster. The three constraints (volume, relative linear, and cross-section) are independent of each other since the volume constraint condition (n ~ 4) was not used to derive Eqs.10 and 12-13.
Fission yeast S. pombe
Haploid genome: the DNA content, C = 13.8 Mb; the number of chromosomes, N c = 3; the average chromosome = 4.6 Mb; the largest chromosome = 5.7 Mb; the largest chromosome arm = 3.8 Mb. The nucleosomal DNA mass, i = 165 bp (van Holde, 1989) .
A. Karyogamy, haploid, G1 chromosomes (see Table 1 ) Observations: Nuclear shape is approximated as pear-like (a cone with hemi-sphere at the top); the cone-angle, 2ϕ ~55 o and the nuclear length, D ~ 2.3 µm (both taken from Fig.4 in Chikashige et al., 1994) . Thus, the nuclear shape coefficient β = 0.17 (since for pear-shaped nucleus,
3 , see above). The chromosomes have been observed associated in one domain with their telomeres clustered and attached to the nuclear apex (loop configuration) (Yamamoto et al., 1999) .
The cross-section constraint for a telomere cluster: Let us estimate m, the maximal number of discrete loop domains. It follows from Eq.13a that m = 0.8 -1.1 for a cone with the angle 2ϕ = 55 o . This means that only loops associated in a single domain (m =1) can be accommodated in this cone-angle. The volume constraint: Let us estimate n, the linear density of nucleosomes. Substituting β = 0.17 into Eq.7 yields n = 2.5 -4.1 for a single loop domain (the association index, p = 6), which meets the volume constraint (consistent with n ~ 4). The linear constraint for the largest chromosome: Let us estimate the maximal dimension of the largest chromosome (H max ) in the loop configuration. The coefficient B = 0.9 µm 2 /Mb for G1 yeast chromosomes (see Eq.2 for i =165 bp). It follows from Eq.8 that H max = 1.6-2.3 µm for M max = 2.9 Mb (= 5.7 Mb/2). This estimate of H max ≤ D, and therefore satisfies the linear constraint.
B. Meiotic prophase, wild type, early and late prophase (see Table 2 ) Observations: The S. pombe chromosomes do not form the typical synaptonemal complex structure in meiotic prophase, but rather remain flexible with internal rigid 'linear elements' (Bahler et al, 1993; Kohli, 1994) . The flexibility of these meiotic chromosomes makes them suitable for consideration in the model's framework. At the beginning of meiotic prophase, the nucleus is pear-shaped with a cone-angle ~ 55 o (taken from Fig.4 in Chikashige et al., 1994) , the same as in karyogamy. Later, the nucleus takes on a 'horse-tail' shape with a cone-angle ~ 30 o (taken from Fig.4 in Chikashige et al., 1994) . This is accompanied by the appearance of ~ 24 rigid 'linear elements' (Bahler et al., 1993; Kohli, 1994) and the formation of a centromere cluster (Chikashige et al., 1994) . Thus, a half-loop consists of k = 3 -4 small arcs, where k = 4 (= 24/12 +1 + 1) for half-loops containing a centromere, and k = 3 (= 24/12 + 1) for half-loops not containing a centromere.
For the cone angles = 55 o and 30 o , the nuclear shape coefficient β = 0.17 and 0.06, respectively (see above the expression for β ).
The cross-section constraint for a telomere cluster: At the beginning of prophase, a pearshaped nucleus with cone angle ~ 55 o can accommodate all six loops only if they are associated into a single domain: m = 0.8-1.1 (see above). When the cone-angle decreases to ~ 30 o , no fulllength flexible loop can be accommodated into such a nucleus in the absence of small arcs (k = 1): the corresponding m = 0.2 -0.3 < 1 for 2ϕ = 30 o (see Eq.13a). However, the associated loops can be accommodated (m ~ 1) if there are small arcs: Eq.13b yields m = 0.8 -1.1 for 2ϕ = 30 o and k = 3 -4. The relative linear constraint for the largest chromosome: Absolute linear constraint cannot be calculated for meiotic chromosomes since their coefficient B is unknown (has not been determined). However, the relative linear constraint can be calculated since it is independent of B. For the shape coefficient β = 0.17 (for 2ϕ = 55 o ), Eq.10 yields the relative length of the largest loop chromosome, H max /D = 0.9-1.0 (≤ 1, meets the constraint). For β = 0.06 (for 2ϕ = 30 o ), the relative H max /D = 0.8 -0.9 (< 1).
C. The dynein heavy chain (dhc -1) mutant, diploid, meiotic prophase (see Table 2 ) Observations (Yamamoto et al., 1999) : The nucleus is an oblate-ellipsoid with a minor/ major axis ratio, ε ~ 0.5, and the loop chromosomes are clustering at the minor axis apex. The homologous chromosomes of the mutant fail to associate properly. . Thus, an oblate-ellipsoid nucleus with ε ~ 0.5 provides enough space for six unassociated loop chromosomes. This is consistent with the mutant's homologous chromosomes failing to pair (Yamamoto et al., 1999; Yamamoto and Hiraoka, 2001 ). Table 3 ) Observations (Funabiki et al.1993; Chikashige et al., 1997) : The nucleus is a sphere with diameter ~ 4.5 µm, and the nucleolus occupying the other hemi-sphere: γ = 0.5. The six chromosomes are in Rabl configuration with one cluster of centromeres on one side of the NE and 3-4 clusters of telomeres. Hence, the number of discrete chromosome arm domains per nucleus, N a /p = 3-4. The relative linear constraint for the largest chromosome arm: Since the coefficient B has not been determined for G2 chromosomes, only the relative linear constraint can be calculated. It follows from Eq.10 that the relative length of the largest chromosome arm, H max /D = 0.8 < 1 (meets the constraint). The cross-section constraint for a centromere cluster: It follows from Eq.12a that the maximal possible number of non-overlapping arm domains per centromere cluster, m = 5-6 > N a /p = 3-4. This means that one centromere cluster per nucleus is possible, which is consistent with the observations (see above).
D. Diploid, G2 chromosomes (see
Estimates of the coefficient B and the persistence length a: Substituting D ~ 4.5 µm into Eq.6, one obtains the coefficient B = 3.0-3.5 µm 2 /Mb, which corresponds to a = 100-115 nm (as follows from Eq.2 for n = 4), i.e., 3-4 times that for a single fiber. It is shown in the Appendix that the maximal increase in a for two tightly cohesive flexible rods is six-fold. Table 4 )
Budding yeast S. cerevisiae (see
The haploid nucleus has 16 chromosomes with a total chromatin/DNA content, C = 12.1 Mb; the average chromosome = 0.75 Mb. The largest chromosome (# 4) contains 1.5 Mb; the largest chromosome arm = 1.1 Mb. The nucleosomal DNA mass, i = 165 bp (van Holde, 1989) .
A. Young, haploid and diploid, cells; G1 phase
Observations: The diameter of spherical nuclei, D is ~ 1.9 µm in haploid (Heun et al., 2001b) , and D is ~ 2.3 µm in diploid (Laroche et al., 1998) cells. The nucleolus has a crescent shape, γ ~ 0.8 (Garcia and Pillus, 1999) . Chromosome # 3 has been shown to have the loop configuration (Dekker et al., 2002) . Telomeres are attached to the NE (Gotta et al., 1996; Laroche et al., 1998; Tham et al., 2001) , and there are 3-8 and 6-10 perinuclear telomere clusters in haploid and diploid nuclei, respectively (Gotta et al., 1996; Laroche et al., 1998; Heun et al., 2001c) . The centromeres form a rosette-like cluster at the interior of the nucleus (Jin et al., 2000; Heun et al., 2001a) . Homologous chromosomes are either unassociated or loosely associated, mainly in the centromere region (Marshall et al., 1997b; Burgess et al., 1999; Aragon-Alcaide and Strunnikov, 2000) . The volume constraint: For unassociated chromosomes (p = 1) in haploid cells, Eq.7 yields the linear density of nucleosomes, n = 6.9 for configuration I, n = 4.2 for configuration II, n = 3.3 for configuration III, and n = 2.1-3.4 for configuration IV (for latter, p =2). For diploid cells, Eq.7 yields n = 7.4, 4.5, 3.6, and 2.2-3.7 for configurations I, II, III, and IV, respectively. Thus, according to the volume constraint (n ~ 4), configuration I is not feasible in these nuclei, but configurations II -IV are equally probable. This agrees with attachment of telomeres to the NE (see above). The linear constraint for the largest chromosome: Substituting B = 0.9 µm 2 /Mb (as follows from Eq.2 for i =165 bp) in Eq.9, one obtains the length of the largest chromosome in G1 phase, H max = 1.7, 1.2, 1.0, and 0.8-1.2 µm in configurations I, II, III, and IV, respectively. These estimates of H max are consistent (≤) with the nuclear diameter of haploid (D ~ 1.9 µm) and diploid (D ~ 2.3 µm) cells.
The cross-section constraint for telomere clusters: Let us estimate m, the maximal number of telomeres in a peripheral cluster. For haploid cells, Eq.9 yields the relative length of an average domain, H d /D = 0.43, 0.34 and 0.43-0.47 for configurations II, III, and IV, respectively. Substituting these values of H d /D into Eq.12a, one obtains m = 9, 12, and 8-9 for configurations II, III, and IV, respectively. These values of m correspond to the minimal number ~ 3-4 (= 32/(8-12)) telomere clusters per haploid nucleus, which is consistent (≤) with the observed number (3-8) of telomere clusters in haploid cells. Agreement between the estimated and observed numbers of telomere clusters is also obtained for diploid cells: Eq.12a yields m = 11, 16, and 10-12 for configurations II, III, and IV, respectively. These numbers correspond to the minimal number ~ 4-6 (= 64/(10 -16)) telomere clusters per nucleus, comparable to 6-10 observed. The cross-section constraint for a centromere cluster: Eq.12a (which is applicable to clusters located near the NE, see above) yields m = 12, and = 16 for configuration III for haploid and diploid nuclei, respectively (see above). This means that a single centromere cluster located at the NE is not feasible in these nuclei: m ≤ N a /p, the number of non-associated chromosome arms, = 32 (haploid) and 64 (diploid). The conclusion about the lack of a peripheral centromere cluster in G1 cells is consistent with the observations of a rosette-like centromere cluster at the interior of the nucleus (Jin et al., 2000; Heun et al., 2001a) .
B. Old mother, senescent diploid cells
Observations: The nuclear diameter of old mother cells is ~ twice that for young cells: D ~ 4.5 µm, and an enlarged and fragmented nucleolus covers the nuclear periphery: γ ~ 1/4 (Sinclair et al., 1998) . The volume constraint: Eq.7 yields n = 4.2, 2.5, 2.0 and 1.3-2.1 for configurations I, II, III, and IV, respectively. Thus, only configuration I meets the volume constraint (n ~ 4) in senescent cells. That chromosomes become detached from the NE in senescent cells is consistent with the observation that the SIR complexes, which participate in tethering of telomeres to the NE in young cells, relocate from the nuclear periphery to the nucleolus in aged cells (Sinclair et al., 1998) .
C. Comparison with chromatin motion data
Observations: In a diploid nucleus, the diffusion motion of a probe located near the centromere of chromosome # 3 (M c = 0.32 Mb; M a = 0.2 Mb) was confined within a sphere of diameter 0.6 µm (Marshall et al., 1997b) . In a G1 haploid nucleus, the amplitude of the diffusion of the probes located at chromosome # 4 (M c = 1.5 Mb; M a = 1.1 Mb) and chromosome # 14 (M c = 0.8 Mb; M a = 0.6 Mb) was ~ 0.8 -1.0 µm and 0.7 µm, respectively (estimated from data on Figs.1 and 2 of Heun et al., 2001b) . Calculations: By definition of a domain, the diffusion distance of a bound probe inside the domain should be similar to the domain dimensions. It follows from Eq.3a for B = 0.9 µm 2 /Mb that the maximal domain dimensions in configurations II-IV, H d = 0.4-0.5, 1-1.2, and 0.7-0.8 µm, respectively, for chromosomes # 3, 4 and 14. These estimates are similar to the observed boundaries of diffusional motion for corresponding chromatin probes (see above). This supports the notion of discrete chromatin domains. (See also the calculations for the chromatin motion in Drosophila embryonic nuclei below).
Fruit fly Drosophila
A. Embryo, cycles 10 and 14, G1 and G2 chromosomes (see Table 5 )
Observations: Total diploid DNA content = 330 Mb in ten approximately equal chromosome arms; euchromatic regions contain 240 Mb. Compact heterochromatin does not seem to form in the rapidly dividing nuclei of cycle 10 (Hiraoka et al., 1993) , but is present in cycle 14. Thus, C = 330 Mb, M max = 40 Mb, and γ = 1 for cycle 10; and C = 240 Mb, M max = 28 Mb, γ = 0.8 for cycle 14. The nucleosomal DNA mass, i = 200 bp (van Holde, 1989) .
The nuclei are spherical in cycle 10 with diameter increasing from 5.5 µm at the beginning to 10.5 µm at the interphase end (Foe and Alberts,1985) . In the beginning of cycle 14, the nuclei are slightly ellipsoid with the ratio of minor/major axis, ε = 0.9, and the major axis, D = 4.1-5.1 µm (the range represents two independent measurements (Foe and Alberts, 1985; Fung et al., 1998) ). In the end of the cycle 14 interphase, the nuclei becomes highly ellipsoid with ε = 0.5 and D = 12.5 µm (Foe and Alberts, 1985; Fung et al., 1998; Wilkie et al., 1999) .
In both cycles, chromosome arms have been observed in the Rabl configuration with the centromere cluster located at the major axis apex (Foe and Alberts, 1985; Marshall et al., 1996; Dernburg et al., 1996) . Chromosomes have ~ 15 attachments to the NE per arm . Thus, the small chromatin domains in the nucleus are the arcs with M d = 1.5-2 Mb formed by the adjacent NE anchors. Homologous chromosomes are unpaired in cycle 10, but pairing is almost complete in cycle 14 (Foe and Alberts, 1985; Fung et al., 1998) .
The volume constraint for G1 chromosomes: Substituting the number of small arcs per arm, k = 16, into Eq.7, one obtains n = 4.5 for unpaired, and n = 2.9 for paired chromosomes for the beginning of cycle 10. For the beginning of cycle 14, n = 5.0-7.8 for unpaired, and n = 3.2-4.9 for paired, chromosomes. Thus, according to the volume constraint (n ~ 4), homologous chromosomes are paired in cycle 14, but not in cycle 10; this is consistent with what has been observed (see above).
The linear constraint for G1 chromosomes: For G1 chromosomes, the coefficient B = 0.75 µm 2 /Mb (see Eq.2 for n = 4 and i =200 bp). As follows from Eq.8, the largest arm length, H max = 5.5 µm for cycle 10 (M max = 40 Mb) which is consistent with the observed D = 5.5 µm (Foe and Alberts,1985) . For the beginning of cycle 14 (M max = 28 Mb), Eq.8 yields H max = 4.6 µm which is consistent with D = 5.1 µm (Foe and Alberts, 1985) , but not with D = 4.1 µm (Fung et al., 1998) . The relative linear constraint for the largest chromosome arm: The relative linear constraint depends on the shape of the nucleus and can be applied for both G1 and G2 chromosomes. For the spherical nuclei of cycle 10, the relative arm length, H max /D = 0.94 (< 1) and 1.2 (> 1) for unpaired and paired homologous chromosomes, respectively, as follows from Eq.10. Thus, the paired chromosomes are unfavorable in cycle 10, in agreement with the observations (see above). For paired G1 and G2 chromosomes in ellipsoidal nuclei of cycle 14, the values of H max /D = 1.0 and = 0.67, respectively, were obtained from Eq.10 (ε = 0.9 and = 0.5 for G1 and G2 nuclei, respectively).
The cross-section constraint for a centromere cluster: Substituting the relative domain length H d /D obtained from Eq.9 into Eq.12b, one obtains the maximal possible number of nonoverlapping arms per cluster, m = 20 > N a /p = 10 for unpaired chromosomes in cycle 10, and m = 6-13 > N a /p = 5 for paired chromosomes in cycle 14. In contrast, m = 8 < N a /p = 10 for unpaired chromosomes in cycle 14. Thus, the centromeres can be clustered in a single center in cycle 14, as observed, only if homologous chromosomes are paired there.
Estimates of the coefficient B and the persistence length a for G2 chromosomes:
Substituting the corresponding nuclear data into Eq.6 yields B = 2.5 µm 2 /Mb for unpaired G2 chromosomes of cycle 10, and B = 2.6 µm 2 /Mb for paired G2 chromosomes of cycle 14. The values of B = 2.5-2.6 µm 2 /Mb correspond to a = 100-105 nm (as follows from Eq.2). This estimate is close to a = 100-115 nm obtained above for the S. pombe G2 chromosomes.
B. Comparison with chromatin motion data
Observations: During embryonic cycle 13, the diffusion motion of a site on the X chromosome is confined within a sphere of diameter 1.8 µm (Marshall et al., 1997b) . Calculations: Let us estimate the maximal dimension of a chromatin domain with M d = 1.5 -2 Mb (see above). The values of B = 0.75 µm 2 /Mb for G1 chromosomes, and B = 2.5-2.6 µm 2 /Mb for G2 chromosomes (see above). It follows from Eq.3a that H d changes from 1.1 -1.2 µm at the beginning of interphase, to H d = 1.9 -2.3 µm at the interphase end. These estimates bracket the observed diameter of the diffusion confinement sphere = 1.8 µm. As was discussed above for budding yeast, the similarity between the estimated maximal dimension of chromatin domains and the observed diameters of confinement spheres of chromatin motion supports the notion of discrete chromatin domains in the model. Moreover, differences in the diffusion amplitude observed for different chromosomes of yeast and Drosophila can be explained by size differences between corresponding domains. Table 6 ) Observations: Polytene chromosomes have sister chromatids neatly aligned in parallel arrays (see Urata et al, 1995) . The DNA content = 120 Mb per haploid (five arms) set.
C. Polytene nuclei of different tissues (see
Chromosomes are in the Rabl configuration having one chromocenter in the salivary gland (SG) nucleus and the prothorasic gland (PG) nucleus, and two chromocenters in the midgut (MG) nucleus (Hochstrasser and Sedat, 1987a,b) . In SG, chromosomes have a total of 15 attachments to the NE, which corresponds to the number of the small arc domains per arm, k = 4.0 (= 15/5 +1). There are 23 attachments (k = 5.6) in the PG nucleus, and 12 attachments (k = 3.4) in the MG nucleus (Hochstrasser and Sedat, 1987a,b) . The number of chromatids per chromosomal fiber is different in these tissues providing a difference in chromosomal fiber thickness, d ~ 3.2, 1.8, and 2.0 µm for SG, PG, and MG chromosomes, respectively (Hochstrasser and Sedat, 1987a,b) .
The cross-section constraint for a centromere cluster: Eq.12b yields that the maximal possible number of arms per chromocenter, m = 8-10 (>5) for spherical SG and PG nuclei but m = 3.5 (< 5) for ellipsoid MG nuclei with ε = 0.5. An ellipsoidal nucleus has a smaller cross-section area and therefore, can accommodate a smaller number of the clustered chromosome arms than can a spherical nucleus. Embryonic nuclei in the end of cycle 14 have the same shape as do MG nuclei but their chromosomes form a single chromocenter (m = 6 > 5, see Table 5 ). This is because the arc domains in embryonic nuclei are smaller (relative to the nuclear size) than those in MG nuclei: there are 15 attachments per arm in the former vs. 2.4 in the latter (Hochstrasser and Sedat, 1987a,b) .
Thus, the model predicts that SG and PG, but not a MG nucleus, can accommodate all five arms in a single centromere cluster. This agrees with the observations (see above). The relative linear constraint for the largest chromosome arm: Eq.10 yields the relative length of maximal chromosome arm, H max /D = 0.9, 1.0, and 0.6, respectively, for SG, PG, and MG, all ≤ 1. The values of H max /D for spherical nuclei of SG and PG are smaller than those obtained for paired homologous chromosomes in embryonic spherical nuclei (= 1.2 > 1, see Table 5 ) because of a lower number of domains per arm for polytene chromosomes: k = 4.0 -5.6 in SG and PG nuclei versus k = 16 in embryo nuclei (see above). Estimates of the coefficient B and the persistence length a: Substituting the nuclear parameters into Eq.6, one obtains values of B = 37, 19, and 22 µm 2 /Mb, respectively, for SG, PG, and MG chromosomes. Assuming that polytene chromosomes have the same linear density per chromatid as interphase chromosomes, i.e., n = 4, Eq.2 yields the values of a = 1.5, 0.8, and 0.9 µm, for SG, PG, and MG, respectively. These values are close to the corresponding chromosomal fiber radii: 1.6, 0.9, and 1.0 µm for SG, PG, and MG chromosomes, respectively (see above). The estimated values of B and a for polytene chromosomes could be tested by direct measurements.
Nematode worm C. elegans, G1 cells (see Table 7 The volume constraint: Configuration I cannot meet the volume constraint, as follows from n = 14 and n = 22, calculated from Eq.7 for paired and unpaired chromosomes, respectively. In contrast, configuration II can provide n ~ 4 if each chromosome has, on average, ~ 35 attachments to the NE (k = 36, M d = 0.5 Mb) per unpaired chromosome, or ~ 8 attachments (k = 9, M d = 1.8 Mb) per paired chromosome. These estimates of k and M d can be tested by measurement of chromatin contacts to the NE and nucleolus.
The cross-section constraint for a telomere cluster: Let us test whether all twelve chromosomes in configuration II can form a single telomere cluster. For the above values of k, Eq.12a yields the maximal possible number of domains per cluster, m = 30 > N c /p = 12 for unpaired, and m = 14 > N c /p = 6 for paired, chromosomes. Thus, the telomere cluster is possible in these nuclei. This prediction can be tested directly.
CONCLUSIONS
A simple polymer model presented here deals quantitatively with large-scale chromosome organization for budding and fission yeast, Drosophila and C. elegans. Agreement between the results of the model calculations and the observations supports the notion that for these species, the chromosome-nucleus relationship can be understood in terms of different patterns of chromatin anchoring and chromosome associations. It also follows from this agreement that the average linear density of the 30-nm chromatin fiber is ~ 4 nucleosomes per 10 nm contour length.
Chromatin attachments to nuclear structures (the nuclear envelope, nucleolus, etc.) play an important role in the geometric organization of chromosomes by changing the chromosome volume. That changes in chromosome configuration affect the chromosome volume follows from the coil-like behavior of chromosomal fibers, because only for coils do the fiber attachments to nuclear structures decrease the chromosome volume. If chromatin fibers were rigid rods (as opposed to coils), fiber anchoring would not affect the chromosome volume because the latter would have been equal to the volume of the fiber itself. The observed sizes of confinement spheres for chromatin diffusional motion are similar to the model-based estimates of maximal dimensions of the corresponding domains. Size differences in the diffusion confinement spheres observed for different chromosomes are explained in the model by differences in size of corresponding domains.
The model shows how information about nuclear size and shape can be used to predict chromosome configurations and associations. The following examples are interesting: 1) For S. pombe chromosomes in meiosis, the model shows that only loops associated in a single domain can fit into the observed cone-angle of the pear-shaped nucleus at the beginning of prophase. No full-length flexible loops can be accommodated in the even more narrow 'horsetail' nuclei at late prophase. However, as the model shows, it is possible to fit the flexible loops into the 'horse-tail' nucleus in the presence of rigid 'linear elements'.
2) The model shows that the ellipsoidal nucleus of the S. pombe dynein heavy chain (dhc-1) mutant can accommodate all six loops as separate domains clustering at the minor axis apex. This is consistent with the mutant's failure to pair homologous chromosomes.
3) The calculations for S. cerevisiae show that chromosomes in telomere-attached, Rabl, and loop configurations are equally feasible in G1 nuclei. The estimated minimal number of telomere clusters attached to the NE is consistent with those observed. Chromosomes seem to become unattached in old mother cells. This prediction is consistent with the observation that the SIR complexes tethering telomeres to the NE in young cells, relocate from the nuclear periphery to the nucleolus in senescent cells. 4) For the Drosophila polytene midgut nucleus, the calculations show that due to the combination of ellipsoid-shaped nucleus and a lower number of chromatin attachments to the NE, not more than three (of five) chromosomal arms can cluster at the nuclear apex. In contrast, the salivary gland and prothorasic gland spherical nuclei can accommodate all five arms in one cluster. This is consistent with the latter two have a single chromocenter, while the former has two chromocenters.
It is beyond the scope of the model to consider whether a nucleus determines the chromosome size or chromosomes determine the nuclear size. The assembly of the nuclear lamina and nuclear envelope occurs on the chromosome surfaces in late mitosis (reviewed in Wolffe and Hansen, 2001 ) agrees with the latter case. The model can be tested in several ways. First, more accurate measurements of the nuclear parameters would permit one to test the results of the calculations more rigorously. Second, the model can be applied to many other eukaryotes with relatively low chromatin content. Third, the model's estimates of the coefficient B and the persistence length a made for multi-chromatid chromosomal fibers can be tested in experiments. Since polytene chromosomes are visible under microscope, the persistence length can be measured from the chromosome bending in the same way as was done for mitotic chromosomes (Marshall et al., 2001) . Cohesion between sister chromatids seems to result in a 3-4 fold increase in the persistence length for the G2 chromosomal fiber vs. of that for a single chromatid, as estimated for fission yeast and Drosophila.
APPENDIX
The persistence length for an isotropic elastic rod, a = E I / k B T, where E is Young's modulus (a measure of the rod's resistance to stretching), I is the moment of inertia of the rod's crosssection, k B is the Boltzman constant, and T is the absolute temperature (Landau and Lifschitz, 1970) . For a cylindrical rod, the moment of inertia, I = πR 4 /4, where R is the cross-section radius.
Let us consider two isotropic flexible rods bound side by side, either continuously along their line of contact or only at rare sites. In the latter limiting case, the value of a of the system is the same as that of a single rod. In the former limiting case, the principal moment of inertia about the axis connecting the rod's centers in their cross-section, I 1 = 2 (π/4) R 4 , while the principal moment about the perpendicular axis, I 2 = 2(5π/4) R 4 . Since I = ½ (I 1 + I 2 ), half of the sum of the principal moments, I = (6π/4)R 4 , i.e., six times the single fiber value. Thus, since the persistence length a is proportional to I, the estimate of a for two cohesive rods has a range 1-6-fold that for a single rod. Table 5 . Drosophila embryo; diploid; cycles 10 and 14 * inconsistent with n ~ 4; ** H max /D > 1 ; *** m < N a /p = 10 for unpaired chromosomes. 
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